ABSTRACT: Rice (Oryza sativa L.) cold tolerance at the initial stages of development is a highly desirable trait to be incorporated into the state of Rio Grande do Sul, Brazil, cultivars, but selection for this trait must be performed under controlled temperature conditions, which limits the number of lines that can be evaluated. Knowledge of the inheritance of this trait is important to define breeding strategies. So the aim of this paper was to study the genetic basis of rice cold tolerance at the vegetative stage. Six genotypes with constrasting cold tolerance reactions were crossed in a diallel scheme without the reciprocals. The parents and the F 1 and F 2 generations were cultivated in a greenhouse until the V 4 stage, when they were submitted to 10°C for ten days and evaluated for plant survival after seven days of recovery under normal temperature. The results obtained by the diallel analysis of the F 1 generation indicated significance of both additive and non-additive effects, but the general combining ability was more important. The evaluation of the F 2 generation revealed oligogenic inheritance with one or two dominant alleles responsible for cold tolerance in the cold tolerant parents and two complementary genes with recessive alleles segregating in the crosses involving sensitive and intermediate genotypes.
Introduction
In the state of Rio Grande do Sul (RS), the Southern most state of Brazil, irrigated rice (Oryza sativa L.) crop is grown annually in an area of about one million ha. Due to the subtropical climate in this region, many areas are prone to cold weather damage in some stage of development. It is estimated that cold temperatures (below 20°C) occur once every three years in RS, causing yield losses of around 20% (Terres and Galli, 1985) . The rice breeding program conducted by the Rio Grande do Sul Rice Institute (IRGA) is working towards developing rice cultivars with cold tolerance at the initial stages of development. Selection for cold tolerance is performed under controlled temperature conditions and a number of methodologies have already been developed and used for this purpose (Cruz and Milach, 2000) . Determination of the most effective generation to select for cold tolerance is crucial for the efficiency of these indirect selection schemes. In this context, knowledge of the inheritance of cold tolerance at the vegetative stage is important to define when selection is likely to be more efficient, whether in early or advanced generations of the breeding program.
Conventional genetic studies of rice cold tolerance at the vegetative stage indicated a simple and oligogenic inheritance when evaluated by measuring chlorosis and yellowing of the leaves (Kwak et al., 1984; Nagamine and Nakagahra, 1991) . Recently molecular studies have also found major quantitative trai loci (QTLs) associated Sci. Agric. (Piracicaba, Braz.), v.67, n.6, p.669-674, November/December 2010 with cold tolerance at seedling stage (Andaya and Mackill, 2003; Jiang et al., 2008; Lou et al., 2007; Zhang et al., 2005) . However, continuous distribution of cold tolerance in the indica × japonica populations together with findings of minor QTLs explaining part of the variation points to a more complex inheritance for cold tolerance at seedling stage (Han et al., 2005; Lou et al., 2007; Qian et al., 2000; Zhang et al., 2005) .
Such studies have not been performed with Brazilian genotypes yet, and as the number of genes and gene action depend on the genetic material studied, it is of fundamental importance to know the genetic basis of cold tolerance of breeding lines and cultivars currently used in our breeding programs in order to establish a more efficient breeding strategy under controlled temperature conditions.
Material and Methods
The experiments were conducted under greenhouse and controlled temperature room in Cachoeirinha, RS, Brazil (29°57' S; 51º06' W). Six rice genotypes were used as parents in a complete diallel crossing scheme, without the reciprocals, amounting 15 combinations. Three of them belong to the japonica subspecies and are cold tolerant (Rizabela, Alan and L2825CA) and the other three belong to the indica subspecies and have intermediate or sensitive reaction to cold temperature at seedling stage (INIA Olimar, IRGA 2852-20-4-3-3V and IRGA 424) . For ease of use, from now on the line IRGA 2852-20-4-3-3V will be referred to as only IRGA 2852. The crosses were performed in the 2007/08 growing season and on the following winter season some of the F 1 seeds were cultivated in 5 L plastic pots filled with field soil and kept in a greenhouse (28°C) in order to obtain the F 2 seeds.
Experiment I was conducted from June to July 2008. Seeds of the six parents and of the 15 F 1 hybrids obtained in the partial diallel were sowed in Petri dishes with two pieces of moist germination paper and set to germinate at 28°C in a BOD chamber. After five to seven days they were transplanted to trays filled with organic soil and kept in a greenhouse with controlled temperature (28°C ± 2°C). The experimental design was completely randomized blocks with four replications and ten plants of each parent and F 1 hybrid per replication. Plants were kept at the greenhouse until V 3 -V 4 stage (Counce et al., 2000) when they were taken to a controlled temperature and artificially lighted room at 10°C for ten days. After this period the plants were taken back to the greenhouse and evaluated for percentage of plant survival after seven days of recovery under normal temperature (28°C).
Data for the parents and F 1 's were submitted to analysis of variance and comparison of means using SNK test (α = 0.05), all performed in the SAS program (SAS Institute, 2000) . Diallel analysis was performed using the GENES software (Cruz, 2006) according to the model proposed by Griffing (1956) , method 2, considering a fixed model without the reciprocals.
Quadratic components for the fixed model were estimated according to Cruz and Regazzi (1994) :
where φ g = quadratic component associated to the general combining ability (GCA); φ s = quadratic component associated to the specific combining ability (SCA); GMS = GCA Mean Square; EMS = Error Mean Square; SMS = SCA Mean Square, and p = number of parents in the diallel.
Experiment II was performed from January to July 2009. Pre-germinated seeds of the parents and of 10 F 2 populations were transplanted to trays filled with organic soil and kept in a greenhouse with controlled temperature (28°C ± 2°C). A variable number of F 2 plants was evaluated per population, depending on the availability of seed. In general, for each F 2 population three trays of 150 cells were used, with 130 F 2 plants and 10 plants for each parental genotype per tray. Only ten F 2 populations were evaluated in this experiment due to lack of enough F 2 seeds for the remaining five populations of the diallel. The conduction of the experiment and cold tolerance evaluation were performed as described for experiment I.
The parents were evaluated by an analysis of variance of the percentage of plant survival in a completely randomized design with a variable number of replications, depending on the number of crosses they were included. Comparison of means was made by the least square test. All these analysis were performed in the SAS program (SAS Institute, 2000) . The F 2 populations were evaluated by counting the number of surviving and non-surviving plants in each and the data was submitted to the Chi-Square test to verify adjustment to the theoretical proportions expected for one and two independent genes and two complementary genes segregating. Chi-Square values were obtained through the following formula: χ 2 = Σ (F o -F e ) 2 / F e , where F o = observed frequency for each class; and F e = expected frequency for each class, based on the Mendelian proportion.
Results
Analysis of variance showed a highly significant variation among replications, genotypes, General Combining Ability (GCA) and Specific Combining Ability (SCA) for percentage of plant survival (Table 1 ). The significance of GCA and SCA indicates that the parents differed in relation to the general combining ability (GCA) and the hybrids presented distinct specific combining abilities (SCA) ( Table 1 ). It also indicates that both additive and non-additive genetic effects are involved in the inheritance of the trait. However, the higher magnitude of the GCA component means that additive gene action is predominant over non-additivity (Table 1) . On the other hand, quadratic component associated to SCA presented higher magnitude than the Sci. Agric. (Piracicaba, Braz.), v.67, n.6, p.669-674, November/December 2010 one associated to GCA (Table 1) . In the fixed model, the quadratic components express the genetic variability of the genotypes studied (Cruz and Regazzi, 1994) . The superiority of the quadratic component associated to SCA is observed in previous selected genetic material, in which the differential for additive effects may be reduced. This is the case here, where parental genotypes are very contrasting and belong to two subspecies that have developed adaptation to specific environments, like cold temperature tolerance in the case of japonica. So, these ones have, in fact, been previously selected for cold tolerance as they originated from colder regions.
There was a large variation among parental genotypes ( (Table  2) .
Regarding the F 1 hybrids, the majority presented a tolerant reaction, with more than 80% of plant survival. This clearly demonstrates a dominant gene action for cold tolerance as evaluated by the percentage of plant survival in these genotypes. The only exception were the two crosses between sensitive parents, in which IRGA 424 was one of them, that presented intermediate reaction (between 30 and 70% of plant survival) ( Table 2) .
In absolute terms, almost all F1's presented higher plant survival than both of the parents, indicating overdominance for cold tolerance. The exceptions were the crosses Rizabela × IRGA 2852 and Rizabela × IRGA 424. However, statistically all the F 1 's did not differ from one of the parents, indicating dominance for cold tolerance (Table 2) . By these results it is evident the importance of non-additivity for cold tolerance at the vegetative stage.
The parental performance per se seemed to be a good index of their GCA effects for cold tolerance, as the japonica parents showed positive values for GCA effects and the indica genotypes negative values (Table 3 ). The three tolerant genotypes had significant and positive GCA estimates, indicating that all of them present good combing ability to be used as donors to transfer cold tolerance to sensitive genotypes (Table 3) . Among the cold sensitive parents, IRGA 424 was the worst genotype as a donor for this trait (Table 3) , as it can be seen by its low plant survival rate (Table 2) . The hybrids between japonica cold tolerant genotypes presented negative values for SCA, indicating that no increment in cold tolerance might be gained by crossing these genotypes. On the other hand, the crosses involving a japonica parent and an indica one showed only positive effects for SCA, revealing existence of heterosis for plant survival (Table 3) . Most of them were significant, with the exception of the cross L2825CA × INIA Olimar, indicating almost no heterosis in this combination. Among the japonica × indica crosses the highest heterosis was found in the combinations involving IRGA 424 as the sensitive parent. Among the indica genotypes, the only combination that produced positive and significant SCA effects was INIA Olimar × IRGA 2852, indicating that this cross exhibits heterosis for cold tolerance.
The SCA values for the parents have a genetic meaning both in their signal as well as their magnitude. The negative value means existence of unidirectional dominance deviations, so positive heterosis in hybrids between divergent parents. The high magnitude means high genetic divergence of a genotype in relation to the mean of the others and so, high heterosis in the hybrids. In the present case all parents presented negative and significant SCA effects, with the highest magnitude found in Alan and IRGA 424. In fact these were the parents that provided the highest positive heterosis considering all hybrid combinations (Table 3) .
Parental means in experiment II had a wide variation from 2.5% of plant survival in IRGA 424 to 97.7% in Rizabela (Table 4) . This cold reaction is quite similar to the results obtained in experiment I (Table 2) , classifying Rizabela, Alan and L2825CA as cold tolerant (more than 70% of plant survival), INIA Olimar as intermediate (between 40 and 70% of plant survival) and IRGA 2852 and IRGA 424 as sensitive (below 40% of plant survival). Results relative to the F 2 generation revealed that in populations in which there was at least one cold tolerant parent (japonica × japonica and japonica × indica), there was a predominance of surviving plants, indicating dominance gene action for tolerance is these crosses (Table 5, Figures 1 and 2) . On the other hand, in the sensitive × intermediate crosses (indica × indica) there were more non-surviving plants than surviving, and in the sensitive × sensitive cross (indica × indica) there were no surviving plants at all (Table 5 and Figure 1 ).
Among the cold tolerant parents, the population Alan × Rizabela presented one dominant allele segregating for cold tolerance and Rizabela × L2825CA presented two independent genes with dominant alleles segregating for this trait. The population Alan × L2825CA did not fit into any of the genetic hypothesis tested ( Table 5 ). The crosses involving tolerant × sensitive genotypes showed two independent genes with dominant alleles segregating for cold tolerance (Table 5) .
The cultivar INIA Olimar presents a two gene difference from the sensitive genotypes. In the population IRGA 424 × INIA Olimar there are two independent genes with recessive alleles segregating for cold tolerance and in IRGA 2852 × INIA Olimar there are two complementary genes with recessive alleles segregating for cold tolerance (Table 5 ). The genetic analysis evi- Table 5 -Number of surviving and non-surviving plants, total number of plants and adjustment of the Chi-Square test for 10 F 2 populations of rice evaluated for cold tolerance at seedling stage. = 6.64. ** Significant (α = 0.01). 
Discussion
In this study rice cold tolerance at seedling stage was evaluated by the percentage of survival after exposing plants at the V 3 stage to cold temperature (10°C) for ten days. In genetical studies the mode of inheritance determined is valid only for the evaluated trait, the genetical material studied and, in this case, the intensity and duration of stress imposed (Cruz and Milach, 2000) . In the present case, cold tolerance has a simple genetic basis with both additive and dominance gene action involved (Tables 1 and 5) . Similar results were also obtained in genetic studies performed under controlled temperature conditions (Kwak et al., 1984; Kaw and Khush, 1986; Nagamine and Nakagahra, 1991; Shahi and Khush, 1986 ), like we have done here, indicating feasibility of selection for cold tolerance under these conditions. Molecular approaches such as QTL mapping have been employed to study the genetic architecture of important agronomic traits. In the case of rice cold tolerance at the seedling stage a range of stress conditions has been applied, with some of them relating major QTLs involved in cold tolerance (Andaya and Mackill, 2003; Lou et al., 2007) while others have found both major and minor QTLs controlling this trait (Jiang et al., 2008; Zhang et al., 2005) .
All these results were obtained in recombinant inbred lines (RILs) or double haploid (DH) populations between indica × japonica parents, such as in our study. The japonica parents contributed with major dominant alleles for cold tolerance and in the indica crosses recessive alleles and epistatic interaction were detected (Table 5) . By evaluation of seedling mortality of 71 RILs, Jiang et al. (2008) found three QTLs related to cold tolerance, one major QTL contributed by the japonica parent and two minor QTLs from the indica one. Epistatic interactions have also been related in the control of seedling cold tolerance in rice (Lou et al., 2007; Zhang et al., 2005) and in low temperature germination ability (Chen et al., 2006) .
The existence of segregation in the crosses T × T (Table 5) indicates that the cold tolerant genotypes studied carry different genes for cold tolerance. This means that these genes may probably be grouped into a single genotype, but for this molecular markers are necessary in order to differentiate the genes and allow for selection. Approaches like genetic transformation and gene expression have shown that many different pathways may be involved in rice cold tolerance at seedling stage, with genes for ascobarte peroxidase (Sato et al., 2001) , fructan synthesis (Kawakami et al., 2008 ) and a transcription factor (Wang et al., 2003) associated with increased levels of tolerance. Differences in the activity and accumulation of oxidative enzymes and sugars were found between a cold sensitive genotype and a cold tolerant one (Morsy et al., 2007) , corroborating the related above. These results suggest that many different genes may be involved with rice seedling cold tolerance, as has been found in some QTL studies (Han et al., 2005; Qian et al., 2000) . But they do not exclude the possibility of one or more major genes being involved, as may be the case with transcription factors. Diallel analysis showed the importance of both additive and non additive gene action in rice seedling cold tolerance. This has also been found in low temperature germination studies Sharifi, 2008) where both GCA and SCA were significant. Similarly to the results reported here, those studies found that GCA was of higher magnitude, suggesting the greater importance of additive effects. All this indicates that selection for cold tolerance may be effective in crosses between contrasting genotypes like the indica × japonica. The aim of studying the genetic basis of cold tolerance at seedling stage was to establish when to apply selection pressure, if in early generations of the breeding program or in advanced ones. Selection pressure under controlled temperature conditions may be useful in early generations, as only two genes with dominant alleles were found segregating in T × S crosses. However, as the dominant alleles were responsible for tolerance, progeny tests are necessary.
The three japonica parents evaluated are good donors for cold tolerance genes, as showed by their high GCA effects (Table 3) and as related by Kaw and Khush (1986) parental performance per se was a good index of the GCA effects for cold tolerance. According to the SCA effects, the crosses involving any of the japonica parents versus IRGA 424 are the most favourable ones to select superior genotypes.
